A Quadruply Lensed SN Ia: Gaining a Time-Delay...Losing a Standard
  Candle by Yahalomi, Daniel A. et al.
A Quadruply Lensed SN Ia:
Gaining a Time-Delay...Losing a
Standard Candle
Daniel A. Yahalomi1, Paul L. Schechter 1,2, and Joachim Wambsganss3
1MIT Department of Physics, Cambridge, MA 02139
2MIT Kavli Institute for Astrophysics and Space Research, Cambridge, MA 02139
3Zentrum fu¨r Astronomie der Universita¨t Heidelberg, Germany
May 6, 2019
W e investigate the flux ratio anomalies be-tween macro-model predictions and theobserved brightness of the supernova
iPTF16geu, as published in a recent paper by More
et al., 2017. This group suggested that these
discrepancies are, qualitatively, likely due to mi-
crolensing. We analyze the plausibility of attribut-
ing this discrepancy to microlensing, and find that
the discrepancy is too large to be due to microlens-
ing alone. This is true whether one assumes knowl-
edge of the luminosity of the supernova or allows
the luminosity to be a free parameter. Varying the
dark/stellar ratio likewise doesn’t help. In addi-
tion, other macro-models with quadruplicity from
external shear or ellipticity do not significantly im-
prove to model. Finally, microlensing also makes it
difficult to accurately determine the standard can-
dle brightness of the supernova, as the likelihood
plot for the intrinsic magnitude of the source (for
a perfect macro-model) has a full width half max-
imum of 0.73 magnitudes. As such, the error for
the standard candle brightness is quite large. This
reduces the utility of the standard candle nature of
type Ia supernovae.
1 Introduction
Recently, Goobar et al., 2017 reported the discovery
of a multiply imaged, gravitationally lensed type Ia
supernova, iPTF16geu. The supernova was originally
detected on September 5, 2016 by the intermediate
Palomar Transient Factory (iPTF). Later, observations
were made using the Near-Infrared Camera 2 at the
Keck telescope (October 22, 2016 and November 5,
2016), in the Ks and J bands, respectively. Optical
observations were also made with the Hubble Space
Telescope (HST) on October 25, 2016 in three different
wavelength filters: F475W, F625W, and F814W. This is
an astronomical object of interest because of the stan-
dard candle nature of type Ia supernovae. The standard
candle feature implies a known intrinsic brightness of
the object, and allows us to determine the magnifica-
tion factor directly, rather than through the lens model.
This magnification factor breaks the mass-sheet degen-
eracy and other degeneracies (Kolatt and Bartelmann,
1998). In studying strongly lensed SN Ia, if an accu-
rate macro-model is created, then the time-delay values
from the lens model and the intrinsic magnitude and
magnification values of the SN Ia can be compared,
providing tight constraints on the Hubble parameter.
Subsequently, More et al., 2017, presented models
for the lensing galaxy. However, there are significant
flux ratio anomalies between the observed and pre-
dicted flux values of the four lensed images of the
supernova. Specifically, the observation for image A
was approximately 2 magnitudes brighter than the
macro-prediction, and the observation for image D was
approximately 1.5 magnitudes fainter than the macro-
prediction. Images B and C had less significant flux
ratio anomalies. More et al., 2017 suggested that these
flux ratio anomalies were likely due to microlensing
of the foreground galaxy. In this paper, we investigate
the likelihood for microlensing to create the deviation
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in the flux values between the macro-model and the
observations for this system.
2 Background
2.1 Gravitational Macrolensing
Albert Einstein’s theory of General Relativity describes
gravity as the warping of space-time. It is known that
light follows the null trajectory of the geodesic. As grav-
itational potential warps space-time, it alters the null
geodesic, acting as an effective lens for the path that
light follows. The effective lensing nature of gravity
was observed as early as 1919, when Arthur Eddington
observed the deflection of light rays from stars as they
passed near the sun. Eddington’s observations sup-
ported the predictions of General Relativity, refuting
those of Newtonian Mechanics.
Fermat’s principle states that the path that light takes
between two points is always a stationary point in time.
In most situations, light travels on the minimum-time
paths, but, light can also travel along maximum-time
and saddle-point paths. There are two sources of time
delay when light is gravitationally lensed: geometric,
due to the extra distance travelled, and gravitational,
due to the warping caused by the presence of the lens-
ing mass (Blandford and Narayan, 1986). If we define
the angular position of the source as θS , the angular
position of the lensed image as θI , and absorb into a
single parameter, α, other constants of the setup (such
as distances between the observer, lens, and source,
and the redshift), then the geometric time delay can
be written in the form:
tgeom(θI , θS) = α(θI − θS)2 (1)
We can then take the three-dimensional relativistic
gravitational potential, and integrate it along the line
of sight in order to obtain a two-dimensional potential,
ψ(θI). We can absorb into a single paramater the other
constants of the setup (such as distances between the
observer, lens, and source, and the redshift). It has
been shown that this single paramater is equal to 2α
(Blandford and Narayan, 1986), and the gravitational
time delay can be written in the form:
tgrav(θI) = 2α(−ψ(θI)) (2)
Combining these two contributions to time delay and
setting the 2α term equal to unity, we get an equation
for total time delay in cosmological units. We use τ
now to note the change in units:
τtotal(θI , θS) = τgeom + τgrav
τtotal(θI , θS) =
1
2
(θI − θS)2 − ψ(θI)
(3)
Without any gravitational potential, from Fermat’s
principle, the light will be at the stationary point of
the time delay, located at the minimum at θI = θS ,
as expected. Once a gravitational potential is intro-
duced to the system (ψ < 0), new extrema can be
created if the potential is large enough. Multiple sta-
tionary points (maxima, minima, and saddle points)
result in a multiply imaged source, an effect called
strong lensing. When solved, Fermat’s principle pre-
dicts an odd number of images, and based on the sizes
of observed gravitational potentials astronomically, we
expect either three or five images from strong gravita-
tional lensing. The central image cannot be seen, as
it is highly demagnified by the lensing galaxy, so we
expect to observe either two or four images (Schneider,
Kochanek, and Wambsganss, 2006).
Gravitational potentials also distort astronomical
sources. The images are distorted in both shape and
magnification. The shape is distorted by shear γ, which
is the tidal gravitational field or the warping due to
surrounding galaxies. The magnification is caused both
by the shear and by convergence κ, which is the local
dimensionless matter density. Splitting the shear into
real and imaginary parts (γ = γ1 + iγ2), the distortion
of astronomical images is described by the Jacobian Ma-
trix (Schneider, Kochanek, and Wambsganss, 2006):
A(θ) =
[
1− κ− γ1 −γ
−γ 1− κ+ γ1
]
(4)
2.2 Gravitational Microlensing
Galaxies are composed of a combination of stellar mass
and smoothly distributed mass (dark matter). Gravita-
tional microlensing is the study of the lensing due to
the stellar mass objects in the lensing galaxy. Macroim-
ages are comprised of a large number of microimages
that are created by the stellar positions of individual
stars in the lensing galaxy. The stellar positions, with
separations on the order of micro-arcseconds, are im-
possible to determine, but can have a large impact on
the magnifications of the macroimages. Macroimages
from a lensing galaxy can be broken up into many mi-
croimages from pointlike stars at large optical depth
(Paczynski, 1986). The effect of this microlensing at
high optical depth can be very substantial, altering
the observed intensity of the lensed images by 2 to 3
magnitudes (Paczynski, 1986). In fact, for quadruple
lenses (gravitational lenses that create four lensed im-
ages of the source) microlensing is not only likely, but
appears to be inevitable (Witt, Mao, and Schechter,
1995).
Anomalous flux ratios can often be accounted for
by microlensing. A smaller ratio of stellar matter to
dark matter actually increases, under some circum-
stances, the fluctuations in flux ratios caused by mi-
crolensing (Schechter and Wambsganss, 2002). Micro-
saddle points may be both highly magnified or demag-
nified, while micro-minima may only be magnified to
be greater than unity (Schechter and Wambsganss,
2002).
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3 Monte-Carlo Microlensing Sim-
ulation
Figure 1: A two-dimensional microlensing map for a typical
macro-minimum (on the left) and macro-saddle (on
the right) in the quasar plane. Uses stellar contribu-
tion to convergence ranging from 100% in the top
row, to 15% in the middle row, and to 2% in the
bottom row. The total convergence is the same in
all columns. The color scale ranges from dark blue
(large demagnification from microlensing), to light
blue, to green, to red, to yellow (large magnifica-
tion from microlensing). Taken from Schechter and
Wambsganss, 2002.
3.1 Microlensing Magnification Proba-
bility Density Maps
Microlensing can be modeled using Wambsganss’ in-
verse ray shooting code (Wambsganss, 1990; Wambs-
ganss, 1999). Due to the mass sheet degeneracy (Falco,
Gorenstein, and Shapiro, 1985), the three-dimensional
space of shear (γ), convergence (κ), and stellar con-
tribution to convergence (κ∗) can be projected on a
two-dimensional convergence-shear (κ′ − γ′) space
(Schechter et al., 2014). Doing so allows us to
model the microlensing of a lensing system in a two-
Figure 2: Micro-magnification probability density for a macro-
minimum (on the left) and macro-saddle (on the
right). Uses stellar contribution to convergence rang-
ing from 100% in the top row, to 25% in the sec-
ond row, to 15% in the middle row, to 5% in the
fourth row, and finally to 2% in the bottom row.
The total convergence is the same in all columns.
The short-dashed line represents the theoretically
expected macro-magnification, the dotted line repre-
sents the average magnification in magnitudes, and
the long-dashed line represents the unlensed case.
Taken from Schechter and Wambsganss, 2002.
dimensional plane. The stellar contribution to conver-
gence can also be changed in the model. The inverse
ray simulation creates micromagnification probability
density maps, which in turn can be used to create prob-
ability density curves for the four images of the lensed
supernova (Wambsganss, 1999). Sample micromag-
nification maps, as created by inverse ray simulations,
for a typical macro-minimum and macro-saddle point
can be seen in Fig. 1. The stellar contributions to con-
vergence ranges from 100% in the top row, to 15% in
the middle row, and finally to 2% in the bottom row.
The corresponding probability densities can be seen in
Fig. 2, with the addition of rows displaying the proba-
bility densities for 25% and 5% stellar content.
As Pooley et al., 2009 demonstrated, analysis of the
microlensing probability densities can be used to infer
the likelihood for microlensing to cause the differences
between the flux values that are predicted by macro-
models and the flux values that are observed, at a
given stellar to dark matter ratio. We generated the
Wambsganss magnification maps for the four images
of iPTF16geu using the convergence and shear values
taken from More et al., 2017. We then shifted the prob-
ability density curves for each image by the difference
between its respective observed and predicted bright-
ness magnitudes. This has the effect of setting the previ-
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Figure 3: Micro-magnification probability densities with 50% stellar contribution to convergence for the four images of iPTF16geu
in the top panel. The four probability densities have all been shifted such that the point of zero micro-magnification
corresponds to the difference between the observed and macro-predicted flux values. By multiplying the four shifted
probability densities, we create a plot that represents the likelihood for microlensing to cause the flux ratio anomalies
between observations and macro-predictions as a function of the intrinsic magnitude of the source (bottom panel).
ous zero point for the four images as the “observation,”
and the overlap of the four images probability densi-
ties represents the likelihood for micromagnification
to cause the observed flux ratio anomalies. In analysis
of the anomalous flux ratios of the supernova, we both
assumed knowledge of the luminosity of the supernova
and allowed the luminosity to be a free parameter. If
we assume that we know the luminosity of the super-
nova, then in order to determine the likelihood for the
microlensing to cause the observed flux ratio anoma-
lies, we multiply the probability densities of the four
images at the observation. We called this likelihood
value the “typical SN Ia likelihood.” This represents
the assumption that the supernova’s brightness is well
understood. However, if we cannot assume this, then,
in order to make the luminosity a free parameter, we
integrate over the total area under the overlap plot in
order to obtain a value for the likelihood for microlens-
ing to produce the flux ratio anomalies. This value
was labeled the “atypical SN Ia likelihood.” The proba-
bility densities for the four images, and the resulting
typical and atypical likelihood values, for 50% stellar
contribution to convergence, can be seen in Fig. 3.
3.2 Monte-Carlo Model
AMonte-Carlo model can be followed in order to gener-
ate a distribution of standard microlensing likelihoods.
In order to do so, four random numbers between one
and zero are chosen. The four microlensing probabil-
ity density curves for the four images are shifted such
that the random number percentage of the area is to
the left of the observation. By repeating this process
1000 times, and keeping track of the microlensing like-
lihood for each of these sets of random microlensings,
we can understand how likely is any one set of four
microlensings for the system.
Nine random sets of four microlensings were created
using the Monte-Carlo process explained above The
qualitative effects of these nine random microlensing
are shown in Fig. 4. In this figure, we were able to
display the brightness predictions for a model contain-
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Figure 4: Demonstrates the effects of microlensing on iPTF16geu. The top left image is taken from More et al., 2017, and is an
HST image (F814W) of iPTF16geu. The image titled "Idealized Observation" is our recreation of this image, taking each
image to be Gaussian. The image titled "More et al. Model" is our recreation of the More et al., 2017 macro-predictions.
Then, nine random microlensing values were determined for each lensed image, using the described Monte-Carlo model.
The random microlensings were then added to the More et al., 2017 macro-model flux values. This figure demonstrates
the significant impact of microlensing on the magnification of lensed images.
ing both macrolensing and microlensing inputs for the
images of the lensed supernova. As is evident in Fig. 4,
each of the nine random microlensings produces very
different flux ratios, and none of the nine random mi-
crolensings produces flux ratios qualitatively similar to
the observed flux ratios.
4 Results
4.1 Typical Likelihood
We ran 1000 Monte-Carlo simulations at stellar con-
tributions to total mass of 33%, 50%, and 100%, re-
spectively. We found that at best the likelihood for
microlensing to cause the flux ratio anomalies between
macro-models and observations, if the object is a typ-
ical type Ia supernovae, is 3/1000. Fig. 5 displays
these results for both a typical and an atypical type
Ia supernova at 50% stellar contribution to the total
mass.
4.2 Atypical Likelihood
We ran 1000 Monte-Carlo simulations at stellar con-
tributions to total mass of 33%, 50%, and 100%, re-
spectively. We found that at best the likelihood for
microlensing to cause the difference between macro-
models and observations, if the object is an atypical
type Ia supernovae, is 2/1000. Fig. 5 displays these
results for both a typical and an atypical type Ia super-
nova at 50% stellar contribution to the total mass.
4.3 Different Macro-Models
We then investigated alternative macro-models, specif-
ically with varying contributions from external shear
and ellipticity (Schneider, Kochanek, and Wambsganss,
2006). We ran 1000 Monte-Carlo simulations at stellar
contributions to total mass of 33%, 50%, and 100%, re-
spectively. We found that even with alternative macro-
models, at best the likelihood for microlensing to cause
the difference between macro-models and observations
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Figure 5: Results of 1000 Monte-Carlo simulations at 50% stellar contribution to the total mass. The black dashed line shows
the typical SN Ia likelihood for the More et al., 2017 macro-model and the black solid line shows the atypical SN Ia
likelihood for the More et al., 2017 macro-model. As only 1/1000 Monte-Carlo simulations produced a less probable
typical and atypical microlensing likelihood than those required by the More et al., 2017 macro-models, it is evident
that, at 50% stellar contribution to the total mass, it is statistically very unlikely for microlensing to cause the flux ratio
anomalies.
is 32/1000 (accounting for both the typical and an
atypical likelihoods).
4.4 Presence of Dust
Further analysis of the data in Goobar et al., 2017
suggests that dust may play a significant role in the
observation of image D. This is because there is a dif-
ference in image D’s observed brightness at different
wavelengths. Specifically, the HST F625W and HST
F814W filters observed fluxes that were different by
0.74 magnitudes for image D. The presence of dust
can have a large effect on the detected brightness of
astronomical object, and could help to explain the flux
ratio anomalies.
4.5 What if the Macro-Models were Per-
fect?
Even if the macro-models agreed perfectly with the
observations, the FWHM of the intrinsic magnitude
determined from the microlensing probability densities
is 0.73 magnitudes. This stems from the wide spread
of the microlensing probability densities, and results
in a substantial difficulty in the ability to determine
the intrinsic brightness of a lensed supernova with
high accuracy. Wambsganss, 1997, in analyzing the
weak gravitational lensing on distant supernovae, also
found significant lensing induced dispersions on truly
standard candles.
5 Conclusion
We have examined the flux ratio anomalies between the
macro-models and observations of the strongly lensed
supernova iPTF16geu. We investigated the likelihood
for microlensing to be the cause of the flux ratio anoma-
lies, and found that it is statistically very unlikely to
be the only cause. Through analyzing the full width
half maximum, we determined that even if a perfect
macro-model was found, it is difficult to determine the
source object brightness with high precision, due to
the effects of microlensing. The utility of lensed type
Ia supernovae as standard candles is thus diminished
by microlensing.
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